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Abstract. A pilot-plant twin screw extrusion study was performed in two twice-replicated trials with 
the goal of producing vegetable-based protein feeds for juvenile yellow perch. Two isocaloric (3.06 
kcal/g) experimental diets were balanced to contain 20% and 40% DDGS, and a constant amount 
(20 %) of fermented high protein soybean meal (PepSoyGen, PSG), as the fishmeal protein 
replacers, in combination with appropriate amounts of other required ingredients; crude protein 
content was targeted at 40 %. A fishmeal-based diet was used as a control. To obtain cohesive 
extrudates, extrusion processing conditions were varied, including conditioner steam (0.11-0.16 
kg/min), extruder water (0.11-0.19 kg/min), and screw speed (230-300 rpm). Increasing DDGS from 
0 to 40% led to a considerable rise in bulk density, L*, b*, and unit density, but to a decrease in aw 
and expansion ratio by 12.6, 14.4, 23, 21, 31, and 13 %, respectively. Compared to the control diet, 
the lowest unit density and the highest bulk density of 791.6 kg/m3 and 654.5 kg/m3 were achieved 
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with the diets containing 20 and 40% DDGS, respectively; changes in DDGS content did not affect 
the extrudate moisture content, absorption index, or thermal properties. Raising DDGS content from 
0 to 40% resulted in a curvilinear increase in water solubility and a* of the extrudates by 13.4 and 
35%, respectively. All extrudates had high durability of more than 98%, and low aw of less than 0.5. 
Overall, this initial study yielded physically viable feeds for yellow perch. Further extrusion studies 
are needed to determine optimal DDGS-based diet for yellow perch. 
Keywords. Alternative protein, Aquafeed, DDGS, Extrusion, Fermented Soybean meal, and Physical 
properties
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Introduction 1 
Over the past few decades, concern about the production of enough nutritious food to feed the 2 
global human population has been growing dramatically. World population has been predicted to 3 
reach 10 billion by 2083 (UN 2010) bringing to the forefront the issue of whether agricultural 4 
products are sufficient to provide nutritious food required by the global human population for the 5 
next 80 years (Yngvar 2011). Many researchers believe that aquaculture is the most promising future 6 
food protein source for humans (Watanabe et al. 2002; Shahidi and Miraliakbari 2005; FAO 2006; 7 
Duarte et al. 2009; Venegas-Calerón et al. 2010; Yngvar 2011). However, issues such as limited fresh 8 
water supplies and risk of environmental pollution restrict further developing in this agri-food 9 
industry (UN 2010). On the other hand, the important role of this food production sector in offering 10 
job opportunities, contributing towards poverty alleviation, and increasing/establishing consumer 11 
preference for seafood product cannot be ignored. Additionally, the marketing advantages of 12 
aquaculture products over wild-caught fish can be ascribed to their freshness and lower risk of 13 
contaminants (GAA 2000).  14 
According to the FAO, capture fisheries and aquaculture production both provided 15 
approximately 142 million tons of fish in 2008. Of this, 81% was used for human consumption (FAO 16 
2010). The global production rate of food fish from aquaculture was around 52.5 million tons in 17 
2008. Statistics have shown that aquaculture production increased by about 6.5% annually from 1970 18 
to 2008; whereas, the world population growth rate was only about 1.6% per year during this period. 19 
As a result, the average annual per capita supply of food fish from aquaculture has risen at an average 20 
annual rate of 6.6%, which is almost 3 times the rate of world meat production for this period. FAO 21 
reported in 2010 that world capture fisheries production growth rate has leveled off since 1985, while 22 
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the aquaculture production rate has continually increased by nearly 6.5% per year. As mentioned, 23 
some concerns exist regarding the environmental effects of the aquaculture industry. Also, of 24 
particular concern is the high cost of farm production. Feed costs contribute to the high cost of 25 
aquaculture production, and the protein in fish diets is the most expensive ingredient (Bassompierre 26 
et al. 1997; Watanabe et al. 2011). Therefore, it is vital to solve these issues in a practical, economical 27 
and environmentally-friendly manner. 28 
Fish meal (FM) is the main protein source for most traditional aquafeeds, and it supplies 29 
essential proteins, fatty acids, minerals, and phospholipids for fish metabolism. The high demand for 30 
fish meal in recent years has resulted in depletion of sources of wild fish stocks which were once 31 
considered endless, but are not sustainable any more (Naylor et al. 2000). Therefore, finding 32 
alternative, sustainable protein sources for fish diets is vitally important to minimize the amount of 33 
wild fish used as protein, lower dietary expenses, and reduce nutrient levels in effluent waste caused 34 
by aquaculture activities.  35 
Over the past decades a considerable amount of research has been conducted to investigate 36 
alternative protein sources for fish meal. Poultry by-product meals, bacterial protein meals, and plant 37 
protein meals have excellent potential as feed ingredients (Storebakken et al. 2004; Samocha et al. 38 
2004; Aas et al. 2006; Shapawi et al. 2007). Although these alternative protein sources can reduce the 39 
cost of fish diets, potential undesirable side effects such as lower palatability, lower growth rate, 40 
reduced protein digestibility, and lower energy compared to fish meal are the major issues that affect 41 
their viability (Aas et al. 2006). These side effects can occur due to their imbalanced content of 42 
essential amino acids like lysine (Adelizi et. al 1998; Ayadi et al. 2011c) and antinutritional factors.  43 
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Among these alternative protein sources, plant-based proteins are the most readily available 44 
and the cheapest sources that can replace fish meal (Samocha et al. 2004). Recently, partial and total 45 
replacement using these materials has been extensively investigated. For instance, Ali et al. (2003) 46 
studied the growth performance of Nile tilapia with the inclusion of alfalfa as the plant protein 47 
source. The effect of fish meal replacement by peanut leaf meal for Nile tilapia was evaluated by 48 
Garduño and Olvera (2008), and desired growth performance was achieved with no adverse effects.  49 
In another study, a combination of soybean meal (SBM) and corn gluten meal (CGM) were used to 50 
replace fish meal  protein in shrimp diets, and no significant differences in the product properties 51 
among the test diets were observed, except for the reduction of feeding costs (Amaya et al. 2006). 52 
Khan et al. (2003) replaced 100% of the fish meal with SBM in diets of Rohu (Labeo rohita). El-53 
Saidy et al. (2002) investigated the complete replacement of fish meal with SBM for Nile Tilapia and 54 
found that optimal growth could be achieved only by amino acid-supplementation. Similar results 55 
were obtained by Arndt et al. (1999) and Floreto et al. (2000). Due to the presence of anti-nutritional 56 
factors, low palatability, and lack of some amino acids, high inclusion levels of many plant derived 57 
proteins in aquafeeds  can be achieved only with  amino acid supplementations (Adelizi et al. 1998; 58 
Francis et al. 2001; Ayadi et al., 2011a, b, c). For example, Wilson and Poe (1985) studied the effect 59 
of diets containing raw and inadequately-heated SBM on the growth rate (GR) and protein efficiency 60 
ratio (PER) of fingerling channel catfish at two crude protein levels and different levels of trypsin 61 
inhibitor activity (TIA). They observed that GR and PER values were improved as the TIA 62 
decreased. A similar result was observed by Peres et al. (2003). The anti-nutritional effect of TIA that 63 
exists in SBM is the drawback of this plant-based protein source. Kikuchi (1999) evaluated partial 64 
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replacement of FM with CGM in the diet of Japanese flounder (Paralichthys olivaceus), and 65 
suggested that up to 40% of FM can be replaced with CGM.  66 
Distillers dried grains with solubles (DDGS), the non-fermented co-product of corn ethanol 67 
processing, is the other large-scale plant-based protein and energy source most commonly used by the 68 
livestock industry (Ham et al. 1994; Saunders and Rosentrater 2009; Lim et al. 2009). The high price 69 
of fossil fuels, worldwide emphasis on environmental concerns, global warming and climate change, 70 
and political instability in some oil-producing countries have kindled interest in the U.S. in renewable 71 
biofuel production.  Among several potential sources for alternative fuel production, production of 72 
crop-based fuels like ethanol has been rapidly growing over the last decade, and may potentially 73 
provide the majority of the renewable fuels. However, concern has grown regarding the effect of 74 
increasing demand and price of energy via the biofuels market, especially on the volume and price of 75 
food production (Thomas 2008; MSNBC 2008; Tyner 2008). The total production rate of renewable 76 
fuels in the USA was 11.1 billion gallons in 2009, with 87.5% of this production conventional corn-77 
based ethanol (ACE 2011). Production of conventional ethanol was about 12 billion gallons in 2010 78 
and is estimated to reach 15 billion gallons by 2020 (ACE 2011). Statistics have shown that nearly 79 
50% of the world’s corn ethanol is produced in the US (RFA 2012), and is based on corn. Due to this 80 
massive expansion of fuel ethanol recently, the annual production of its coproduct, DDGS, is now 81 
significant in the United States. The portion of domestic usage of DDGS has increased from 21.82.62 82 
million tons in 2007 to 33.07 million ton in 2011, and is expected to reach 33.16 million tons by 2013 83 
(AgMRS 2012).   84 
DDGS is a source of protein (27-33%) and fiber (5-12%), but its starch content is low 85 
(Rosentrater and Muthukumarappan 2006). Ethanol production uses only starch from corn and grain 86 
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sorghum, so that the remaining nutrients (e.g. protein, fiber, fat, and minerals) remain in the co-87 
products of the fermentation process. In fact, the nutrient amounts in DDGS are almost triple those of 88 
raw corn (Jacques et al. 2003; Dale and Batal 2003) due to the yeast metabolism. In addition, DDGS 89 
phosphorous content is much lower than that of fish meal, so substituting DDGS for fish meal in 90 
aquaculture diets can minimize the total phosphorous level in the diet formula; therefore, the level of 91 
phosphorous entering the aqua farm discharge water can be reduced. According to the US Grains 92 
Council (USGC 2008), inclusion of DDGS in aquaculture diets is increasing globally, not only 93 
because of its moderately high protein content, relatively low phosphorous content, and low cost, but 94 
because it does not contain anti-nutritional factors found in other plant-derived protein sources, such 95 
as soybean meal (Shiau et al. 1987) or cottonseed meal (Gossypol) (Jauncey and Ross 1982; Robinson 96 
1991).  97 
Several studies have been conducted on use of DDGS in fish diets over the past few decades. 98 
Data for typical dietary inclusion rates of DDGS obtained from different research studies are 99 
presented in Table 4 (USGC 2008). The optimum inclusion level of DDGS depends on the type of 100 
DDGS and other ingredients present in the diet, as well as fish species and age. Nutrient contents of 101 
DDGS can vary based on the initial corn quality and ethanol production processing techniques. 102 
Lightness and yellowness of color in the DDGS is a reasonable sign of its protein quality, which can 103 
be evaluated by lysine digestibility measurement. Lysine digestibility is strongly affected by 104 
temperature and time of heating processes during the ethanol production and drying process (Shurson 105 
and Noll 2005). Theoretically, a shorter heating process can improve the lysine availability of DDGS; 106 
however, there is lack of information regarding this particular subject. Essential amino acids like 107 
lysine and methionine still need to be supplemented when DDGS is used as the protein source (Stone 108 
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et al. 2005; Metts et al. 2007; Chhron and Mediha 2008). Dietary protein contents of the aquaculture 109 
diets are strongly dependent on the species and age which can vary 25-55% (NRC 1993). Among the 110 
species, Salmonids require the highest amount of protein at 40-50% (Hardy 1996). Reis et al.(1989), 111 
Abdel-Tawwab et al.(2010), and Aziz et al. (2011) reported that dietary protein demands for channel 112 
catfish, Nile tilapia, and Rainbow trout are 32-35, 35-45, and 42%, respectively.  113 
Tidwell et al. (1990) investigated the effects of DDGS inclusion on growth performance of 114 
channel catfish. They found that up to 30%DDGS could be added to the diet without any negative 115 
influence on growth performance. This amount could be increased up to 70%, if it was supplemented 116 
with 4% of lysine (Webster 1991). Similar results were obtained by Lim et al. (2009) and Zhou et al. 117 
(2010). In another study conducted by Tidwell et al. (1993), they evaluated the effect of partially and 118 
completely replacing fish meal with soybean meal and DDGS in diets for pond-raised juvenile 119 
freshwater prawns, and they did not observe any significant difference for the average yield, growth 120 
rate, feed conversion, or survival rates among these diets. 121 
Hardy and Cheng (2004a, b) could achieve desired growth performance for rainbow trout 122 
with up to 15% DDGS inclusion; whereas by adding lysine and methionine supplementation, DDGS 123 
could be added up to 22.5%. Stone et al. (2005) evaluated the effect of the extrusion cooking process 124 
on the nutritional value of diet blends containing corn gluten meal (CGM) and DDGS for rainbow 125 
trout. They observed that up to 18% inclusion of CGM and DDGS had no effect on growth 126 
performance compared to the control diet. Moreover, they did not find any significant difference 127 
between the growth performance achieved by extruded diets and cold-pelleted diets.  128 
Several studies also explored the use of DDGS as a protein source in Nile tilapia diets. Wu et 129 
al. (1994) reported that 29% DDGS inclusion in Nile tilapia diets containing 32 – 36% crude protein 130 
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resulted in a higher weight gains compared to fish fed a commercial feed, . In a later study, they 131 
proposed a diet containing 28% protein with 82% DDGS along with synthetic lysine and tryptophan 132 
supplementation (Wu et al. 1997). Other research groups postulated that 40%DDGS inclusion 133 
supplemented with lysine could result in a significant increase in growth performance of Nile tilapia 134 
(Coyle et al. 2004; Lim et al. 2007). Similarly, Schaeffer et al. (2009) studied the performance 135 
characteristics of Nile tilapia fed DDGS-based diets, and suggested that diets with 20% DDGS 136 
inclusion may be competitive with commercial diets.  137 
Schaeffer et al. (2011) found that the dietary crude protein required by yellow perch was less 138 
than that of channel catfish, but was close to that needed by rainbow trout. Brown et al. (1993, 1996) 139 
studied the growth rate of yellow perch fed trout diets and suggested a trout diet containing 36% 140 
crude protein would be appropriate. Protein required by trout was reported in the range of 21-27% by 141 
Ramseyer and Garling ((1998). This high demand for protein can lead to high dietary costs for yellow 142 
perch, just like for salmon and trout.  143 
To date, few studies have been done on fish meal replacement for yellow perch diets.  In 144 
2004, Artola et al investigated the effects of a 1:1 mixture of fish meal and defatted-soybean meal on 145 
the growth performance and water quality parameters for yellow perch. They observed that the 146 
inclusion of soybean meal, combined with supplemental lysine, had no significant impact on 147 
production characteristics; moreover, the total nitrogen contents of the waste effluent were decreased 148 
substantially. Kasper et al. (2007) studied the effect of solvent-extracted, dehulled soybean meal and 149 
expelled-extruded soybean meal as replacements for fish meal in the diets of yellow perch and 150 
concluded that fish meal could be replaced with SBM without influencing feed consumption and 151 
growth rate of the fish. In another study by Von Eschen et al (not yet published), partial and total fish 152 
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meal replacement in yellow perch feed blends using DDGS as the protein alternative source were 153 
studied. They observed the highest and the lowest growth performance with blends containing ≤ 154 
50%, and ≥75%DDGS, respectively. Schaeffer et al. (2011) examined various combinations of 155 
DDGS and SBM in yellow perch diets, and the highest growth performance was achieved at less than 156 
50% inclusion of DDGS and SBM.  157 
The nutrient composition of diets is important, but the physical properties of pelleted diets are 158 
critical as well, as all these affect the growth rate and production efficiency. Many factors impact the 159 
physical and chemical qualities of aquafeeds. The most important physical properties are floatability, 160 
mechanical strength, and water stability (Rolfe et al. 2001; Chevanan et al. 2009). Generally, the 161 
basic goal in aquafeed processing is to obtain floatable and water-stable pellets which result in few 162 
losses of feed and nutrients when placed in water (Vens-Cappell 1984).  163 
The physical properties of fish feeds are strongly related to the chemical composition of the 164 
diet ingredients and the processing conditions used (Ibanoglu et al. 1996; Thomas et al. 1999). 165 
Among these ingredients, starch and protein are key constituents. Floatability and sinking velocity 166 
are highly affected by the extent of starch gelatinization and protein denaturation occurring during the 167 
production (Case et al. 1992; Thomas et al. 1999). 168 
Extrusion processing is the primary technique for production of floating, sinking, and slow 169 
sinking aquaculture feed (Opstvedt et al. 2003). High pressure and high shear forces which develop 170 
inside this bioreactor can improve the physical quality, digestibility, palatability, functionality, and 171 
shelf-life of the feed. This processing can also be effective for detoxification and sterilization of feed 172 
ingredients (Cheftel 1986). Antinutritional factors such as trypsin inhibitors and oxidative enzymes 173 
can be inactivated during extrusion processing (Romarheim et al. 2005). Extrusion can thus enhance 174 
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dietary efficiency and utility (Brent 1989; Kiang 1998). Single-screw and twin-screw extruders are 175 
the most common types used in the food and feed industries. Choosing a proper extruder 176 
configuration depends on the type of the ingredients and final properties of the product, and plays an 177 
important role in achieving an optimal extrusion process (Tran et al. 2008).   178 
Several studies have been conducted on extrusion processing of DDGS-based aquaculture 179 
diets. Chevanan et al (2007a, b) studied the effect of DDGS inclusion and, single screw extruder 180 
processing parameters, such as temperature and die dimension, on final quality of feed for Nile 181 
tilapia. They could produce viable feed with less than 60% DDGS inclusion, and found that with 182 
increasing DDGS, both durability index and floatability of the products significantly decreased. In a 183 
later study, Chevanan et al. (2008) investigated the effect of ingredient moisture content on the 184 
physical properties of Nile tilapia diets produced by a single screw extruder. They observed that as 185 
the DDGS inclusion level increased, the physical quality of final product decreased considerably. In 186 
their next study, they improved product quality with incorporation of 5% whey protein as a binder 187 
(Chevanan et al. 2009). Later on, they also attempted to quantify the processing behavior of the 188 
DDGS-based blends for Nile tilapia by measuring processing parameters, such as mass flow rate, net 189 
torque required, specific mechanical energy consumption, and apparent viscosity (Chevanan et al. 190 
2010). Rosentrater and Tulbek (2010) and Fallahi et al. (2011) carried out other research to evaluate 191 
the effects of conditioner steam, extruder water and screw speed on the properties of DDGS-based 192 
Nile tilapia feeds using a twin-screw extruder. Ayadi et al. (2011a) achieved high quality DDGS-193 
based extrudates for yellow perch at inclusion levels of less than 50% using a single-screw extruder. 194 
In their next study, they found that by increasing the inclusion level of DDGS in juvenile yellow 195 
perch diets, mass flow rate and processing temperature decreased significantly (Ayadi et al. 2011b). 196 
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So far, only limited studies have examined extrusion processing conditions for the production of 197 
DDGS-based aquaculture feeds for yellow perch. Thus, the objectives of this study were 1) to 198 
produce vegetable-based protein feeds for juvenile yellow perch (Perca flavescens) using graded 199 
levels of DDGS along with a fermented high protein soybean meal as the protein source) using twin-200 
screw extrusion, and 2) to evaluate the physical properties of these extrudates. 201 
Material and Methods 202 
Blend Preparation 203 
Two isocaloric (3.06 kcal/g) experimental diets containing two levels of DDGS (20 and 40%), 204 
a constant amount of microbial fermented high protein soybean meal, PepSoyGen (20 %), in 205 
combination with appropriate amounts of other required ingredients including corn gluten meal, 206 
wheat flour, menhaden fish meal, vitamin mix, minerals, and essential amino acids were formulated 207 
to contain a net protein content of approximately 40 % (Table 1). DDGS was provided by Dakota 208 
Ethanol, LLC (Wentworth, S.D.), and was ground to a fine particle size of approximately 100 µm 209 
with a laboratory-scale grinder (Model S500 disc mill, Genmills, Clifton, NJ). PepSoyGen was 210 
purchased from NutraFerma (Sioux City, IA), Menhaden fish meal was from Omega Protein Inc. 211 
(Houston, TX); vitamin and mineral premix was from Lortscher Agri Service, Inc. (Bern, KS); corn 212 
gluten meal was from Consumers Supply Distributing Company (Sioux City, IA); wheat flour was 213 
from Bob’s Red Mill Natural Foods, Inc. (Milwaukie, OR); CMC was from USB Corporation 214 
(Cleveland, OH). The ingredients were first mixed with a laboratory-scale mixer (Model 600, Hobart 215 
Corporation, Troy, OH) for 3 min, where  the vitamin premix was added to the rest of the ingredients; 216 
the blend was then mixed with a twin shell dry blender (Patterson-Kelly Co. Inc., East Stroudsburg, 217 
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PA) at 60 rpm for 10 min to obtain homogenous blends. The resulting blends were then stored at 218 
ambient temperature overnight.  219 
Extrusion Processing 220 
Experimental extrusions were carried out using a semi-industrial twin-screw extruder 221 
(Wenger TX-52, Sabetha, KS) with a 30 hp motor and throughput of 50 - 250 kg / h.  The extruder 222 
was self-wiping with two co-rotating, fully intermeshing screws, a dry feed system, and a continuous 223 
preconditioner which was equipped with steam and water injections ports. The dry feed blends were 224 
transferred to the feed hopper, which were then conveyed into the preconditioner, where steam was 225 
injected at a rate of 0.11-0.16 kg/min. After being adjusted to the desired moisture content and 226 
temperature inside the preconditioner, the blends were transferred into the extruder at a feed rate of 227 
20 kg/h, and the conditioner’s screw speed was kept constant. The barrel of the extruder had L/D 228 
ratio of 25.5/1, and its twin screws each had a diameter of 52 mm. The screws used in this experiment 229 
had 25 individual sections, and the configuration (from the feeding section to the die section) was 230 
composed of four conveying screws, three shear locks, one conveying screw, one conveying screw 231 
backward, three conveying screws, one conveying screw backwards, four conveying screws, one 232 
shear lock, one interrupted flight conveying screw, one conveying screw, one interrupted flight 233 
conveying screw, one conveying screw, one interrupted flight conveying screw, one shear lock, and 234 
finally a screw with a cone-shaped end point. This configuration was recommended by the 235 
manufacturer. Moreover, the barrel was composed of 8 temperature zones, which were set at 15 to 90 236 
ºC. The temperature profile of the barrel varied depending on the actual temperature of each zone and 237 
the resulting extrudates properties. The amount of water added to the extruder was maintained at 0.11 238 
to 0.19 kg/min. The extruder had two die nozzles, each with a circular diameter of 3 mm. The exiting 239 
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extrudates were cut into desired lengths using a rotating three blade cutter mounted at the end of the 240 
dies.  241 
Measurement of Extrusion Processing Parameters 242 
 Temperatures (T) of the raw material in the hopper, at the conditioner exit, and at the die exit 243 
were all monitored by a portable infrared thermometer (Model 42540, Extech Instruments 244 
Corporation, Waltham, MA). 245 
Measurement of Extrudate Physical Properties 246 
After processing, the extrudates were cooled for 72 h at ambient temperature (24±1ºС), and 247 
then dried in an oven (Model TAH-500, Grieve Corporation, Round Lake, IL) for 24 hours at 45 ºС. 248 
The extrudates were then subjected to extensive physical property analyses, including moisture 249 
content (MC), water activity (aw), thermal conductivity (K), thermal resistivity (R), thermal 250 
diffusivity (α), expansion ratio (ER), unit density (UD), bulk density (BD), water absorption and 251 
water solubility indices (WAI, WSI), pellet durability index (PDI), and color. 252 
Moisture content (MC) 253 
MC of the extruded samples was determined according to AACC method 44-19, using a 254 
laboratory-scale oven (Fischer Scientific) at 135 ºС for 2 h.  255 
Water activity (aw) 256 
Water activity of the extrudates was measured with a water activity meter (aw Sprint TH-500, 257 
Novasina, Pfäffikon, Switzerland). Before measurement, the system was calibrated according to the 258 
specified procedure of the manufacturer. 259 
Thermal properties 260 
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  Thermal conductivity (k), thermal diffusivity (α), and thermal resistivity (R) were determined 261 
using a thermal properties analyzer (KD2, Decagon Devices, Inc., Pullman, WA).  262 
Expansion ratio (ER) 263 
ER is expressed as the diametral expansion of the extrudate, which was determined as the 264 
ratio of the extrudate diameter to the diameter of the die nozzle (3 mm); both were measured using a 265 
digital caliper (Digimatic Series No. 293, Mitutoyo Co., Tokyo, Japan), following Conway and 266 
Anderson (1973), Mercier et al. (1989) , and van Zuilichem et al. (1975). 267 
Unit density (UD) 268 
Assuming cylindrical shapes for the extruded samples, UD was determined as the ratio of the 269 
mass to volume for 10 randomly chosen extrudates, following Jamin and Flores (1998) and 270 
Rosentrater et al. (2005). The mass of each of the extrudates (M) was measured with an analytical 271 
balance (Adventurer AR1140, Ohaus Corp. Pine Brook, NJ) and the diameter of each weight 272 
extrudate was measured with a digital caliper (Digimatic Series No. 293, Mitutoyo Co., Tokyo, 273 
Japan), and volume (V) was calculated as: 274 
                                                                   UD=M/V [kg/m3]       (1)   275 
Bulk density (BD) 276 
BD was measured using a standard bushel tester (Seedburo Equipment Company, Chicago, 277 
IL). BD (g/cm3) is defined as the ratio of the mass of the extrudates (g) occupying a given bulk 278 
volume (cm3), according to the method recommended by USDA (2009): 279 
V
mBD        (2) 280 
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where m is the mass of extrudates (g) and V is the container’s volume.  The BD measurements were 281 
carried out with 10 replications for each treatment. 282 
Water absorption and water solubility indices (WAI, WSI) 283 
These two physical characteristics were determined following Anderson et al. (1969) and 284 
Jones et al. (2000). Using a laboratory–scale grinder (Chemical Rubber Co, CRC, Germany) 285 
extrudate samples were ground to approximately 150 µm particle size; 2.5 g was placed in a 50 mL 286 
centrifuge tube, and 30 mL distilled water at 30 ºС was added to the tube. After intermittently stirring 287 
over 30 min, the suspension was centrifuged at 3000  g for 15 min using a laboratory-scale 288 
centrifuge (Fischer Science, accuSpinTM 400, Thermo Electron Corporation, Germany). Thereafter, 289 
the supernatant phase was transferred into tarred aluminum dishes and placed in a laboratory oven 290 
(Fisher Scientific) at 135 С for 2 h. WAI was calculated as the mass ratio of the remaining gel (g) in 291 
the centrifuge tube to the original mass of the sample (g), equation (3): 292 
	293 
                                                                                                                                                            (3) 294 
Subsequently, WSI (%) was calculated as the mass ratio of the extracted dry solid to the original 295 
sample mass, following AACC Method 44-19 (2000). 296 
 297 
 298 
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Pellet durability index (PDI) 299 
PDI was determined following ASAE standard method S269.4 (2004): 200 g of an extruded 300 
sample was tumbled inside a PDI tester (model PDT -110, Seedburo Equipment Co., Chicago, IL) for 301 
10 min, and then sieved manually with a No. 6 screen to remove fines. Thereafter, PDI was 302 
calculated as equation (4), where Ma and Mb are the mass (g) of the extrudates after tumbling and 303 
before the tumbling, respectively:  304 
          305 
                                              (4) 306 
Color (L*, a*, b*) 307 
Color included L* (brightness/darkness), a* (redness/greenness), and b* 308 
(yellowness/blueness) and was measured using a spectrophotometer (Lab Scan XE, Hunter Lab, 309 
Reston, VA). 310 
Statistical Analysis 311 
All collected data were analyzed with Excel v.2010 (Microsoft Corp., Redmond, WA) and 312 
SAS v.9.0 software (SAS Institute, Cary, NC) using a Type I error rate (α) of 0.05, by analysis of 313 
variance (ANOVA) to find significant differences among the control diet and the treatments. 314 
Additionally, if significant differences were found, then post-hoc LSD tests were used to determine 315 
where the significant differences occurred. 316 
Results  317 
Extrusion Processing Parameters 318 
Temperatures during processing (T) 319 
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Temperatures at three points of the process were monitored (Table 2). As depicted in Table 2, 320 
increasing DDGS level from 0 to 20% led to a 6.9% increase in processing temperature at the 321 
conditioner section; further increasing DDGS did not impact the conditioner temperature (TC). In 322 
terms of processing temperature at die exit (Td), extrudates produced with higher DDGS content had 323 
the lowest temperature upon exiting the die section. Hence, the highest temperature at the die exit 324 
was observed for the control diet. 325 
Extrudate Physical Properties 326 
Table 3 provides the physical properties of the final products, including moisture content, 327 
water activity, thermal properties, expansion ratio, unit density, bulk density, water absorption and 328 
water solubility indices, pellet durability index, and color. 329 
Moisture content (MC) 330 
As depicted in Table 3, the highest MC was observed for the extrudates of the control blend; 331 
however, changing DDGS levels from 0 to 40 % did not influence the MC of the extrudates 332 
significantly. These observations were in good agreement with what Ayadi et al. (2011a, b) reported. 333 
Water activity (aw) 334 
Using DDGS in the diet formula led to a decrease in aw of the extrudates compared to that of 335 
control diet; but increasing DDGS levels from 20 to 40% did not show significant impact on aw of the 336 
products (Table 3). Overall, as the DDGS content increased, water activity of the extrudates 337 
decreased significantly from 0.48 to 0.34, which was in contrast to what Ayadi et al. (2011a) and 338 
Chevanan et al. (2007a) observed. 339 
Thermal Properties 340 
The authors are solely responsible for the content of this technical presentation. The technical presentation does not necessarily reflect 
the official position of the American Society of Agricultural and Biological Engineers (ASABE), and its printing and distribution does not 
constitute an endorsement of views which may be expressed. Technical presentations are not subject to the formal peer review process 
by ASABE editorial committees; therefore, they are not to be presented as refereed publications. Citation of this work should state that it is 
from an ASABE meeting paper. EXAMPLE: Author's Last Name, Initials. 2012. Title of Presentation. ASABE Paper No. 12----. St. Joseph, 
Mich.: ASABE. For information about securing permission to reprint or reproduce a technical presentation, please contact ASABE at 
rutter@asabe.org or 269-932-7004 (2950 Niles Road, St. Joseph, MI 49085-9659 USA). 
 
As shown in Table 3, the thermal properties of the extrudates produced from diets containing 341 
DDGS were not changed compared to those of the control diet, indicating that DDGS inclusion had 342 
no impact on the thermal properties (conductivity, diffusivity, or resistivity) of the products. 343 
Expansion ratio (ER) 344 
The effects of DDGS on the expansion ratios are provided in Table 3. Extrudates produced 345 
from diet 1 and diet 2 had lower ER compared to that of the control diet. At 20% and 40% 346 
incorporation of DDGS, expansion ratio decreased by 6.8% and 12.7%. Thus, as DDGS increased, 347 
expansion decreased. 348 
Unit density (UD) 349 
The main effects of DDGS on the unit density of the extruded products are shown in Table 3. 350 
Diets with 20 and 40 % DDGS content had higher UD than that of the control diet, leading to an 351 
increase of 8.2% and 21% in UD when increasing DDGS from 0 to 20 and 40 %, respectively. 352 
Clearly, as the ER decreased, the UD increased.  353 
Bulk density (BD) 354 
The main effects of DDGS inclusion on bulk densities of the extrudates are summarized in 355 
Table 3. As shown, inclusion of 20% DDGS resulted in a 6% rise in BD of the extrudates in 356 
comparison to the control diet. Further increasing the DDGS level to 40% raised the BD from 607.9 357 
kg/m3 to 654.5 kg/m3, or nearly 7%. Raising DDGS content reduces the ER and thus increases the 358 
UD and BD values of the extrudates.  359 
Water absorption and water solubility indices (WAI, WSI) 360 
Increasing levels of DDGS from 0 to 20 and 40 % did not result in any significant impact on 361 
the WAI of the extrudates (Table 3). Although increasing DDGS from 0 to 20 and 40% led to a 14% 362 
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decrease and a 13.4% increase in WSI values of the extrudates, respectively. The diet containing 20% 363 
DDGS exhibited the lowest WSI value of 12.73%, while the highest WSI value of 15.56% was 364 
obtained for the diet containing 40% DDGS; increasing DDGS level from 20 to 40 % increased WSI 365 
by nearly 5%. 366 
Pellet durability index (PDI) 367 
The main effect of DDGS level on durability index is illustrated in Table 3. Increasing DDGS 368 
content from 0 to 20 and 40% caused a curvilinear decrease in durability index. However, all the 369 
extrudates exhibited very high durability of more than 98%. 370 
Color (L*, a*, b*) 371 
The effects of each diet on color of the extrudates are provided in Table 3. As shown, 372 
increasing DDGS contents in the blend significantly raised the color values of the extruded blends. 373 
The lightest and darkest extrudates with L* values of 26.11 and 22.36 were observed for 40 and 0% 374 
DDGS inclusion, respectively. The control diet (0% DDGS) showed the least yellowness (b*) value 375 
of 9.0. While increasing DDGS levels raised the yellowness value of the extrudates, no significant 376 
differences between the b* values of the diets containing 20 and 40% DDGS were observed. 377 
Discussion 378 
Extrusion Processing Parameters 379 
Temperatures during processing (T) 380 
Temperature increased proportionately along the extruder barrel, due to heat addition as well 381 
as frictional heating. The highest temperature of the die zone was apparently due to the lower 382 
moisture content and consequently higher frictional force between the cooked dough and internal 383 
surface of die walls (Ayadi et al. 2011b). 384 
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Extrudate Physical Properties 385 
Moisture content (MC) 386 
Moisture content is a measure of the amount of water or water vapor contained in a substance. 387 
Water exists in two forms (bound and unbound) in biological materials. Unbound water, or free 388 
moisture content, is the moisture which is higher than the equilibrium moisture content and can be 389 
removed by drying or by placing in storage at a specific relative humidity. Moisture content of 390 
biological products influences their resistance to microbial spoilage and their shelf-life; furthermore, 391 
its impact on the sensory characteristics of food products (taste, appearance and odor) is important, as 392 
well. Changing in water content of a biological material can result in fat oxidation, browning 393 
reaction, and other chemical reactions which affect the taste and aroma of the food material. Also, 394 
physical interactions among water and food constituents such as polysaccharides, fat, and protein can 395 
influence the texture and appearance of the material (Molnar et al., 1983; Fennema, 1985; Walstra, 396 
2003). 397 
In extrusion processing, moisture content of the raw material strongly affects the final 398 
physical properties of the extrudate as a result of its impact on processing behavior (Rolfe et al. 399 
2001). For example, reduced moisture content of a raw blend causes higher pressure of extrusion 400 
(Moscicki and Zuilichem 2011). Interactions between the heat transfer and shearing forces 401 
developing inside the barrel of the extruder influences the reaction between the water and other key 402 
ingredients like starch and protein. As a result of these interacting thermomechanial and biochemical 403 
phenomena, the structure of the melted dough upon exiting the die will be imparted. The water in the 404 
dough evaporates and flashes into vapor phase, which positively affects the expansion of the 405 
extrudates (Miller 1985; Riaz 2000; Eun et al. 2000). According to Friesen et al. (1992), protein 406 
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denaturation and starch gelatinization are exhibited during interactions among water content, pressure 407 
and shear in the evaporation process; therefore, variation in water content of the blend during the 408 
process can result in noticeable changes in extrudates final properties such as durability, 409 
cohesiveness, and water absorption and solubility indices. In this study the water content of the blend 410 
was adjusted with both direct water addition and steam injection to obtain a stable process and to 411 
maintain the uniformity of expansion. 412 
Water activity (aw) 413 
Water activity, the ratio of water pressure in a material to that of pure water at the same 414 
condition (Koop et al. 2000), is temperature dependent, due to changes in water binding and water 415 
solubility (Bettina et al. 2007). Water activity indicates the amount of free water content in a material, 416 
which makes it the most important factor in controlling spoilage, as it indicates the lowest limit of 417 
available water for microbial growth. Water activity is a major factor affecting the activity of 418 
enzymes, vitamins, color, and ultimately, the shelf-life of the product during storage. The lower the 419 
water activity, the lower the chance of spoilage. Lowe and Kershaw (1995) and Chirife and Del Pilar 420 
Buera (1994) proved that water activity of less than 0.6 can guarantee a longer shelf life for most food 421 
products.  422 
Thermal Properties 423 
Thermal properties of a material can be explained by three key physical characteristics.  Thermal 424 
conductivity (k) is a temperature dependent property which indicates a material’s potential to 425 
transferring heat thorough itself by conduction (i.e. without any bulk motion).  Heat energy always 426 
transfers in the direction of decreasing temperature due to the higher molecular energy of the material 427 
with higher temperature. In general, thermal conductivity depends on temperature, composition, and 428 
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molecular structure of a material. Materials become more conductive to heat as the average 429 
temperature increases (NDT 2011). If a material is denatured during a heating process, its thermal 430 
conductivity decreases (Heldman 2003). Thermal resistivity (R), on the other hand, is the ability of a 431 
material to prevent the transfer of heat through that material; it depends on the temperature difference 432 
across the material and the thickness of the material (Arámbula-Villa et al. 2007). Thermal diffusivity 433 
(α) indicates a material’s capability of heat storage vs. heat transfer (Kawasaki and Kawai 2006), and 434 
is defined as the ratio of thermal conductivity to the volumetric heat capacity and mass density. 435 
According to Arambula-Villa et al. (2007), substances with higher thermal diffusivity can adjust their 436 
temperatures in a shorter time because they conduct heat rapidly in comparison to their volumetric 437 
heat capacity. Moreover, a material with higher thermal diffusivity does not require as much energy 438 
from its surroundings to reach thermal equilibrium 439 
(http://www.calce.umd.edu/TSFA/laser_flash/Results.pdf).  440 
Expansion ratio (ER) 441 
Expansion ratio is one of the most critical physical properties for aquafeeds, as it affects 442 
density, floatability, and fragility of the extrudates, which are also important in aquafeeds (Oliveira et 443 
al. 1992; Rosentrater et al. 2009a, b). For example, yellow perch species feed on or near the bottom 444 
of the pond, so a sinking feed may be more appropriate for this species (Webster and Lim 2002). 445 
Theoretically, extrudate expansion is defined by the ratio between extrudate diameter and die 446 
diameter (Conway and Anderson 1973; Van Zuilichem 1975), but Launay and Lisch (1983) believed 447 
that volumetric expansion (i.e. both longitudinal and diametral expansion) should be considered. Fan 448 
et al. (1994) suggested that the molten dough expansion at the die occurs as two phases: an expansion 449 
phase followed by a shrinkage phase. As the melted dough exits the die, the expansion phenomenon 450 
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occurs due to the immediate change in state of water from liquid into vapor, which arises from the 451 
sudden pressure drop from the high pressure inside the extruder to the atmospheric pressure outside 452 
of the die. Therefore, the state of internal water changes, flashes, and forms bubbles in the extruded 453 
dough. The internal structure of the melt is affected by expansion during die exit and results in 454 
extrudates with different textures (Arhaliass et al. 2003). Several studies have shown that the degree 455 
of expansion is dependent on factors such as composition of the blend (Bouzaza et al. 1996), 456 
temperature and rheological behavior of the dough, mass flow rate, residence time in the extruder 457 
(Fan et al. 1994; Mitchell et al. 1994), and die geometry (Bouzaza et al. 1996). Temperature, shear 458 
stress, and shear strain during extrusion processing interact with the water molecules and other 459 
chemical components of the dough, alter the internal cellular structure during the evaporation 460 
process, and thus impact the expansion ratio of the extrudates (Miller 1985; Moore et al. 1990; 461 
Chevanan et al. 2007a). 462 
According to Nielsen (1976), extruded materials with higher starch content can exhibit greater 463 
expansion due to starch gelatinization which leads to formation of an elastic melt inside the barrel; on 464 
the other hand, those with higher protein content show limited degree of expansion due to formation 465 
of a plastic melt and protein denaturation. The degree of starch gelatinization affects the expanded 466 
shape and air cell structure as well (Chinnaswamy and Bhattacharya 1983, 1986; Bhattacharya and 467 
Hanna 1987, 1988; Eun et al. 2000). Launay and Lisch (1983) postulated that viscosity and elastic 468 
properties of the melted starch were the main reasons for volumetric expansion phenomena in 469 
extrusion processing. In another study, Eun et al. (2000) achieved optimum product shape and 470 
uniform air cell distribution for extruded starch using microwave-heating as a post-process. As was 471 
expected, increasing levels of DDGS resulted in extrudates with lower ER due to the lower starch 472 
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contents of the blends, less degree of gelatinization, and higher fiber content. In the extrusion studies 473 
carried out by Ayadi et al. (2011a, b) on production of DDGS-based diets for yellow perch, using 474 
both single screw and twin screw extruders, they did not observe any noticeable change in the ER of 475 
the extrudates. 476 
Unit density (UD) 477 
UD is inversely related to the ER (Colonna et al. 1989; Bhatnagar and Hanna 1996). In 478 
aquafeeds, unit density is a key parameter related to the floatability of the feeds, since floatability is 479 
directly related to the ER. In this study, as the ER increased, the UD decreased, which was in 480 
agreement with this concept. In another single-screw extrusion study for production of DDGS-based 481 
yellow perch diets, an increase of 17% in extrudate UD values was observed when DDGS was 482 
increased from 10 to 50 % (Ayadi et al. 2011a); no noticeable difference was found among the UD of 483 
the yellow perch diets containing 10, 20, and 30 % DDGS which were extruded in a twin-screw 484 
extruder, however (Ayadi et al. 2011b). Using a twin-screw extruder, Chevanan et al. (2007b) 485 
obtained a 159% rise in UD of DDGS-based fish feed when raising DDGS content from 20 to 60%. 486 
However, the PSG used in this study may have reduced the impact on UD of the extrudates. 487 
Bulk density (BD) 488 
BD is defined as the ratio of the mass of a bulk of extrudates to the volume of a specific 489 
container; therefore, products with higher BD occupy smaller space. From a commercial point of 490 
view, this makes the BD an important physical property, as it influences the required storage space 491 
either at the processing plant or during shipping (Guy 2001). Hence, the higher the bulk density the 492 
lower the packaging, storage and transportation costs for a given mass. Several parameters such as 493 
die design, processing parameters (like extruder water and conditioner steam), and diet composition 494 
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affect the resulting bulk density of the extrudates due to the extent of expansion (Fallahi et al. 2011; 495 
Ayadi et al. 2011d). As expansion impacts bulk density, temperature, pressure and feed compositions 496 
affect this property as well. 497 
Water absorption and water solubility indices (WAI, WSI) 498 
WAI of a material is a measure of the volume occupied by the swollen starch component in 499 
the product after exposing it to water (Mason and Hoseney 1986). In extrusion processing, WAI is an 500 
indicator of that portion of starch which was not affected by processing and still is in native structure 501 
(Kirby et al 1988). Any change in WAI in the can be due to structural modifications of the blend 502 
composition, such as starch gelatinization and protein denaturation (Badrie and Mellowes 1991; 503 
Rosentrater et al. 2009a, b). Consequently, for this study, expectations were that the degree of starch 504 
damage would subsequently increase WAI as a result of molecular weight reduction of amylose and 505 
amylopectin molecules (Govindasamy et al. 1996). 506 
On the other hand, WSI indicates the degradation of the macromolecule components of a 507 
blend and are more soluble in water (Colonna and Mercier 1983; Govindasamy et al. 1996); thus, the 508 
larger molecules (i.e. those with higher molecular weight) exhibit lower WSI. In extrusion cooking, 509 
WSI is an indicator of that part of starch which was converted. Menegassi et al. (2011) observed that 510 
extrusion processing can increase WSI. Increasing WSI as a result of raising DDGS content was 511 
observed in this study.  512 
Pellet durability index (PDI) 513 
PDI is another important physical property of extrudates, especially for aquafeeds. It indicates 514 
the mechanical strength of the extruded products. The higher the PDI, the more stable the extrudates 515 
will be during storage, feeding, and handling processes. It is believed that the extent of heat 516 
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treatment, along with the level of starch transformation, as well as water content influence the PDI 517 
quality of the extrudates (Rosentrater 2009a, b). All the extrudates in this study exhibited high 518 
durability levels of more than 98%, indicating their high resistance and mechanical durability. 519 
Similarly, Ayadi et al. (2011a, b) could achieve highly durable DDGS-based feeds for yellow perch 520 
using both single screw and twin screw extruders. 521 
Conclusions 522 
This study was intended to produce complete, nutritionally-viable feeds for juvenile yellow 523 
perch by increasing the levels of DDGS, along with a constant amount of fermented high protein 524 
soybean meal and other ingredients, using a twin screw extruder. MC and aw of the extrudates 525 
substantially decreased with increasing DDGS content of the blend. Water activities of the extrudates 526 
were low, which indicated that the extrudates had high shelf life. Higher inclusion of DDGS 527 
increased WSI, although it did not have any effect on WAI; extrudates produced from the blends 528 
containing 40% DDGS appeared to be more water soluble. Increasing DDGS resulted in significant 529 
increase in UD and BD, while simultaneously inducing a decrease in ER of all the extrudates, as 530 
expected. In addition, all extrudates exhibited high durability indices of more than 98%, which is 531 
important to retaining their physical structure during transportation and storage.  Extrudates with 532 
higher L* value were detected for the diets with higher DDGS inclusion as well. Thus, physically 533 
high-quality extrudates were achieved in this study. In a parallel study by another research group, the 534 
extrudates were then fed to actual juvenile yellow perch, with the intention of evaluating the 535 
acceptability and growth performance of these feeds (results not yet published). Future studies should 536 
concentrate on further investigating the effects of extrusion processing, using graded levels of 537 
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different types of DDGS and graded levels of PSG, on resulting processing parameters and properties 538 
of DDGS-based diets for yellow perch, as well as feed digestibility and growth performance. 539 
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Table1. Ingredient components (g/100g) and nutrient compositions (% db) of the feed blends. 961 
Component (% db) Control Diet 1 Diet 2 
                                                 Dry mass of ingredients (g/100g) 
DDGSa 0 19.88 39.13 
PepSoyGenb 0 20.97 20.64 
Fish mealc 46 5.13 5.05 
Corn gluten meald 28 21.07 10.86 
Whole wheat floure 22 22.58 13.84 
CMCf 0.76 2.82 3.05 
Vitamin premixg 0.63 0.56 0.55 
Mineral premixh 0 0.11 0.11 
Oil   
Supplements (total from below) 2.17 6.81 6.77 
   Stay-C 0.63 0.06 0.06
   Choline 0 0.23 0.22
   Phytase 0 0.04 0.04
   DVAqua 0.16 0.07 0.14
   Arginine 0 0.28 0.28
   Lysine 0 0.85 1
   Isoleucine 0 0.06 0.06
   Histidine 0 0.11 0.11
   Glycine 0 0.56 0.55
   Methionine 0 0.23 0.22
   Taurine 0 0.00 0.00
   Sodium chloride 0.63 1.13 1.11
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   Potassium chloride 0.76 0.90 0.89
   Magnesium oxide 0 0.06 0.06
   Calcium phosphate 0 2.25 2.21
Total 100 100 100 
Component Feed blend composition (% db) 
Protein 39.96 40.6 43.27 
Fat  16 7.83 7.82 
Crude Fiber 0.36 0.24 0.24 
Ash 2.03 4.53 4.53 
 
a Distillers dried grains with solubles (DDGS) Dakota Ethanol, Wentworth, SD 
b PepSoyGen (PSG), Nutra Ferma (Sioux City, IA) 
c Menhaden fish meal, Omega Protein Inc. (Houston, TX). 
d Corn gluten meal (CGM), Consumers Supply Distributing Company (Sioux City, IA) 
eWhole wheat flour, Bob’s Red Mill Natural Foods, Inc. (Milwaukie, OR) 
f Carboxyl methyl cellulose (CMC), USB Corporation (Cleveland, OH) 
g Vitamin premix, Lortscher Agri Service, Inc. (Bern, KS) 
h Mineral premix, Lortscher Agri Service, Inc. (Bern, KS) 
 962 
963 
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 964 
Table 2. Treatment effects on extrusion processing parameters a. 965 
            
Treatment 
Parameter   Control Diet1 Diet2 
Processing temperature (C) 
Feeder zone 25.44a 24.76ab 25.33a 
(0.21) (0.50) (0.29) 
Conditioner zone 30.76b 32.89a 32.38a 
(0.56) (1.01) (1.59) 
Die zone 46.02a 44.94ab 43.98b 
      (1.10) (1.38) (0.78) 
 966 
a Mean values among treatments followed by similar letters for a given dependent variable are not 967 
significantly different at P<0.05.Values in parentheses are standard deviation. 968 
 969 
 970 
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Table 3. Main effects on extrudate physical properties a. 
          
Property Treatment 
    Control Diet 1 Diet 2 
MC (% db)  8.32a 7.49a 7.24a 
(0.12) (1.59) (0.72) 
aw (-) 0.48a 0.38b 0.34b 
(0.01) (0.10) (0.02) 
k (W/(m.C)) 0.06a 0.06a 0.06a 
(0.01) (0.01) (0.01) 
R (m.C /W) 18.47a 17.57a 17.47a 
(0.90) (1.51) (1.82) 
α (mm2/s) 0.16a 0.16a 0.15a 
(0.01) (0.02) (0.02) 
ER (-) 1.18a 1.10b 1.03c 
(0.08) (0.08) (0.11) 
UD (kg/m3) 731.70b 791.60ba 886.55a 
(102.85) (153.55) (160.48) 
BD (kg/m3) 572.15b 607.93ab 654.50a 
(1.30) (95.74) (55.68) 
WAI (-) 3.48a 3.66a 3.48a 
(0.06) (0.53) (0.58) 
WSI (%) 14.81ab 12.73b 15.56a 
(0.24) (2.85) (1.13) 
PDI (%) 99.46a 98.74b 98.91ab 
(0.05) (0.54) (0.63) 
L* (-) 22.36b 25.59a 26.12a 
(0.21) (2.23) (0.36) 
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a* (-) 5.51c 8.48a 7.86b 
(0.10) (0.69) (0.30) 
b* (-) 9.00b 11.69a 11.74a 
    (0.21) (1.51) (0.31) 
 971 
a MC is moisture content; aw is water activity; K is thermal conductivity; R is thermal resistivity; α 972 
is thermal diffusivity;  ER is expansion ratio; UD is unit density; BD is bulk density; WAI is water 973 
absorption index; WSI is water solubility  index; PDI is pellet durability index; L* is brightness/ 974 
darkness; a* is redness/greenness; b* is yellowness/blueness; Parentheses indicate ±1 standard 975 
deviation; Means followed by similar letters for a given dependent variable are not significantly 976 
different at P<0.05 among columns (treatments). 977 
 978 
 979 
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Table 4. Maximum recommended dietary inclusion rates of DDGS for various species of fish 
(based upon USGC, 2008). 
 
 
 
